We study spectral properties of GX 339-4 during its 2010-11 outburst with Two Component Advective Flow (TCAF) model after its inclusion in XSPEC as a local model. We compare results fitted by TCAF model with combined disk black body (DBB) and power-law (PL) model. For spectral fit, we use 2.5 − 25 keV spectral data of PCA instrument onboard RXTE satellite. From model fit, accretion flow parameters, such as Keplerian (disk) rate, sub-Keplerian (halo) rate, location and strength of shock are extracted. Our study provides an understanding of accretion processes and properties of accretion disk during an outburst phase. Based on a comparison of halo to disk accretion rate ratio (ARR) with the presence or absence of quasi-periodic oscillations (QPOs), we classify entire outburst into four different spectral states, such as, hard, hard-intermediate, softintermediate, and soft. We find that these spectral states form a hysteresis loop in the sequence: hard → hard-
INTRODUCTION
Galactic transient black hole candidates (BHCs) are very interesting objects to study in X-rays because they exhibit rapid evolutions in their temporal and spectral properties during outbursts. In past two decades, especially after launch of Rossi X-ray Timing Explorer (RXTE), our understanding of black hole binaries have progressed significantly. However, real progress in extracting physical parameters was hampered due to lack of appropriate data analysis tools. For instance, fitting a spectrum with a black body and power law components (so-called diskbb plus power-law, or compST models in XSPEC) tells us that there is a multicolor soft photon source such as a Shakura-Sunyaev standard disk (Shakura & Sunyaev, 1973, hereafter SS73 ) and a so-called Compton cloud (Sunyaev & Titarchuk, 1980 , 1985 which is a collection of free electrons with certain optical depth and temperature. However, cause of formation of standard disk, nature and origin of Compton cloud or cause of a specific spectral state remains missing. Theoretical solutions of viscous transonic accretion flows around black holes exist (Chakrabarti, 1990ab, 1996 which were used to construct a two component advective flow (TCAF) model (Chakrabarti & Titarchuk, 1995, hereafter CT95; Ebisawa, Titarchuk & Chakrabarti, 1996; Chakrabarti, 1997, hereafter C97) , which not only explains under what circumstances a standard Keplerian disk could form, but also explains state transitions and outbursts of several black holes reasonably well (Debnath et al. , 2013 Dutta & Chakrabarti, 2010; Nandi et al. 2012 To recapitulate what a TCAF is, we recall that close to a black hole, viscous time scale being very long in comparison to infall time scale, specific angular momentum of the flow is not transported fast enough. As a result, centrifugal force ∼ 1/r 3 starts dominating over gravitational force 1/r 2 . Flow slows down at centrifugal barrier and matter piles up behind the barrier forms an axisymmetric shock which is by and large stable even under non-axisymmetric perturbations (Okuda, Teresi & Molteni, 2007) . Regions of higher viscosity forms a Keplerian disk which settles down to a standard Shakura-Sunyaev disk when cooling is efficient (see, Giri & Chakrabarti, 2013 and references therein) . Soft photons from SS73 disk get inverse Comptonized by the post-shock region to form hard photons (CT95). Thus a low angular momentum flow at a large distance automatically segregates into two components. Outflow forms from the centrifugal barrier, and quasi-periodic oscillations in X-rays are also due to oscillations of this barrier. If one starts with a high angular flow at a large distance, it becomes covered by a low angular momentum outflow formed close to the inner edge, which returns back at larger distance.
One of the novel aspects of this model is that fitting with TCAF does not require explicit knowledge of viscosity parameter. Instead, TCAF directly uses two accretion rates, one for the high (above a critical viscosity parameter) viscosity flow, namely the standard Keplerian component (disk), and other for low viscosity flow, namely, the sub-Keplerian (low angular momentum) component (halo). Thus the rates of two components depend on viscosity. Similarly, location and strength of shocks which TCAF uses also depend on viscosity, but since we use them as fitting parameters, viscosity does not come in picture explicitly. Intuitively, TCAF is a complete solution. Compton cloud is not an external object in this model. Rather, it is the inner, centrifugal pressure dominated post-shock region, of the sub-Keplerian component. Another important point is that unlike other models, TCAF does not require to add an extra 'reflection' component, since this component is in built into our procedure. A spectrum is derived intercepting photons from the post-shock region to the SS73 disk and vice versa and the procedure is iterated till a convergence is achieved. Furthermore, low-frequency quasiperiodic frequencies (QPOs) are supposed to be due to oscillation of the post-shock region from where jets are originated. Thus, TCAF purports to resolve spectral and temporal properties along with disk-jet connections in a single model. A fit with TCAF model would therefore yield not only physical accretion rates of two components, but also size of the Compton cloud, compression ratio of the cloud and fraction of inflowing matter that forms the outflow (Chakrabarti, 1999) . These points motivated us to fit data of black hole candidates with TCAF, even when they may be fitted well with other available models (such as diskbb plus power-law) in XSPEC. The other models do not discuss origin of the Compton cloud or corona (Haardt & Maraschi, 1993; Zdziarski et al., 2003) and do not unify timing properties or outflow rates with spectral properties as TCAF does.
Unlike a persistent source, where accretion rates are stable for a long time, in an outburst source, rates have to be varying. One of the most natural ways to achieve this is by viscosity. Mandal & Chakrabarti (2010) suggested that the enhanced viscosity may be responsible to convert part of the sub-Keplerian matter (i.e., low angular momentum flow) into a viscous Keplerian flow (i.e., matter in Keplerian rotation), keeping the total mass-flow rate roughly constant. This conversion and formation of TCAF has been demonstrated recently by numerical simulations (Giri & Chakrabarti, 2013) . A sudden increase in viscosity at the outer edge could convert the flow progressively shifting the inner edge towards the black hole which causes a enhancement of luminosity. Declining phase starts when source of enhanced viscosity is removed and there is a resulting shortfall of Keplerian component. Thus an outburst source data could be fitted with TCAF having evolving two accretion rates, shock locations and shock strengths.
Galactic transient black hole candidate (BHC) GX 339-4 was first observed in 1973 (Markert et al., 1973) by 1−60 keV MIT X-ray detector onboard OSO-7 satellite. This stellarmass black-hole binary has a mass function of M bh sin(i) = 5.8 ± 0.5 M ⊙ and low-mass companion of mass m = 0.52 M ⊙ (Hynes et al., 2003 (Hynes et al., , 2004 . This binary system is located at a distance d ≥ 6 kpc (Hynes et al., 2003 (Hynes et al., , 2004 (Nowak et al., 1999; Belloni et al., 2005; Nandi et al., 2012) during the RXTE era (in the period from 1996 to 2011). Based on the evolution of their spectral and timing properties (McClintock & Remillard, 2003; Belloni et al., 2005; Remillard & McClintock, 2006; Debnath et al., 2013) which are also found to be correlated with a characteristic temporal evolution, namely hardness-intensity diagram (HID) (see, Remillard & McClintock, 2006 Debnath et al., 2008 Debnath et al., , 2013 . The complex outburst profile of BHCs begins and ends in the hard/low hard state, keeping soft and intermediate states in between. It has been pointed out (Nandi et al., 2012 , Debnath et al., 2013 ) that these four basic spectral states form a hysteresis loop during their outburst phases in the sequence of hard → hard-
GX 339-4 showed X-ray activity of 17 mCrab (in 4 − 10 keV), observed on 2010 January 03 with the MAXI/GSC onboard ISS (Yamaoka et al., 2010) . The source remained active in X-rays for the next ∼ 14 months and during this period the source was extensively monitored with RXTE, starting from 2010 January 12, (Tomsick, 2010) . The temporal and spectral properties of the source was studied extensively during this outburst by several authors Stiele et al., 2011; Shidatsu et al., 2011; Debnath et al., 2010, hereafter Paper I; Nandi et al., 2012, hereafter, Paper II) . Several attempts were also made to explore multi-wavelength properties of the source during this outburst (Rahoui et al., 2012; Buxton et al., 2012; Dincer et al., 2012; Cadolle Bel et al., 2012) . Temporal as well as spectral variability, and observation of radio jets are observed during this outburst (Corbel et al., 2013a,b; Yan & Yu, 2012) . In Paper I, a preliminary result of the timing and spectral properties during the initial rising phase was presented. Subsequently, in Paper II, detailed timing and spectral study during the entire outburst are presented. In both these papers, spectral properties of the source were studied with a combination of conventional thermal (disk black body) and non-thermal (power-law) model components. In order to understand accretion flow dynamics, we need to fit with a more physical model, such as TCAF, which would enable us to extract actual physical parameters of the accretion flow.
In this paper, for the first time, we show results of implementation of the TCAF model in HEASARC's spectral analysis package XSPEC. Since TCAF solution inherently incorporates basic principles of the radiative flow dynamics around black holes, it is expected that fits would yield accurate physical parameters which are impossible to extract otherwise using conventional models in XSPEC. We will try to understand physical properties of GX 339-4 during its recent 2010-11 Xray outburst using TCAF as implemented in XSPEC.
We use RXTE/PCA archival data for a total of 46 observations spread over 419 days of the entire outburst, starting from 2010 January 12 to 2011 March 6 with TCAF model after its inclusion in XSPEC as a local additive model for the first time. We also compare TCAF model fitted spectral results with that of the conventional combined disk black body (DBB) and power-law (PL) model as presented in Paper II. As we shall see, from our current study, a comprehensive understanding about mass accretion processes and properties of accretion disk of this BHC during the outburst has emerged. From the TCAF model fitted 2.5 − 25 keV PCA spectra, it is also found that variation of DBB and PL fluxes during the outburst as observed by Nandi et al. (2012) are consistent with variation of Keplerian (disk) rate and sub-Keplerian (halo) rate respectively. Similar to Nandi et al. (2012) , here also we observe four different spectral states, namely, hard, hard-intermediate, soft-intermediate, and soft approximately at around the same days (see, §4.2 for details). Variation of accretion rate ratio (ARR, i.e., ratio between sub-Keplerian halo and Keplerian disk rates) and nature of low frequency quasi-periodic oscillations (LFQPOs; if observed) allow us to justify these spectral states on more physical grounds.
The paper is organized in the following way: in the next Section, we present a summary of the TCAF model description. In §3, we discuss observations and data analysis procedures using HEASoft software. Here we also mention, method of the generation of TCAF model fits file, used for spectral fittings. In §4, we present spectral analysis results obtained from TCAF model fits of RXTE PCA data and compare results with that of the combined DBB and PL model fits. Properties of different spectral states observed during the outburst, obtained from a new selection criteria based on the both spectral (ARR variation) and temporal (nature of LFQPOs; if present or not) properties, are discussed in details. Finally, in §5, we present a brief discussion of our results and make some concluding remarks.
MODEL DESCRIPTION AND GOVERNING EQUATIONS
A brief description of Two Component Advective Flow (TCAF) solution has been given in the introduction. Here, we use CT95 model code as the basic program for generating TCAF model fits file spectra. In the TCAF solution, a Keplerian disk (high viscosity) at the equatorial plane is immersed inside a low angular momentum sub-Keplerian halo and the flow is considered to be axisymmetric. This Keplerian disk emits a flux of radiation same as that produced by a SS73 disk. Geometry around the black hole is described by Paczyński-Wiita (1980) pseudo-Newtonian potential Φ PN = − 1 2(r−1) . As a black hole accretion is necessarily transonic (e.g., Paczyński & Bisnovatyi-Kogan, 1981; Paczyński & Wiita, 1980; Chakrabarti, 1990a, hereafter C90a) , for a large region of parameter space, the flow must jump from supersonic to subsonic branch, forming a standing or oscillating shock (Chakrabarti, 1989, hereafter C89; C90a; Chakrabarti, 1990b , hereafter C90b) before entering into a black hole through the inner sonic point. CT95 considers the region between the shock to inner sonic point, namely, the post-shock region to be the Compton cloud. This region is termed as the CENtrifugal pressure supported BOundary Layer, or the CENBOL. This region dissipates heat through Comptonization and produces observable hard photons as well as the outflow (Chakrabarti, 1999; Singh & Chakrabarti, 2011a, and references therein) . In this paper, we consider sub-Keplerian flow to be in vertical equilibrium. This is required for the estimation of height of a shock. CT95 studied spectral properties using only strong shocks since the idea there was to show that TCAF could explain spectral state transitions, in principle. Spectrum was generated for a set of Keplerian (disk) rates, sub-Keplerian (halo) rates and shock locations. Since in an outburst source is expected to have varying compression ratio R, we use this as an extra parameter. This is important as R determines postshock density (radial optical depth) and post-shock temperature, which, together with an assumption of vertical equilibrium gives the height of the flow at the shock, an important parameter which determines the percentage of soft photons which are intercepted by 'Compton cloud'. Flux F ss emitted from optically thick Keplerian disk situated on the equatorial plane is obtained from SS73,
Here, ℑ = 1 − (3/r) 1/2 . In above equation, mass of the black hole M bh is measured in units of mass of Sun (M ⊙ ), disk accretion rateṀ is in units of gm s −1 . Although this equation
was derived with a no-torque condition at the inner stable circular orbit (ISCO) at r = 3, it remains the same in our case, even though our SS73 disk disappears inside CENBOL due to its mixing with sub-Keplerian flow. This is because the temperature in SS73 was obtained from local gravitational energy dissipation and not from global equilibrium as in an advective flow. Furthermore, the torque remains continuous across an axisymmetric shock. Post-shock region is hotter due to conversion of kinetic energy of pre-shock flow into thermal energy. However, electrons lose energy due to bremsstrahlung and Comptonization of soft photons emitted from the Keplerian disk. Energy equation which protons and electrons obey in the post-shock region is given by,
where, specific energy (Chakrabarti, 1989) of flow is given by,
and Γ and Λ are heating and cooling terms, respectively. Here, λ is specific angular momentum, v is infall velocity,
is the sound speed of the medium, and γ is adiabatic index. Bremsstrahlung and Coulomb terms are taken from standard text (e.g., Lang, 1980) . Comptonization rate is taken from CT95. Comptonization and bremsstrahlung are main radiative processes in our model.
Since height and temperature in the post-shock region depend on shock strength and its location, it is more physical to write them as functions of flow parameters. To this effect, we use pressure balance condition, where sum of thermal pressure and ram pressure must match on both sides of the shock (Landau & Lifshitz, 1959) . Pre-shock flow is assumed to be cooler a ∼ 0 as it falls freely in presence of some angular momentum. Using this equation and after few steps we get the adiabatic sound speed (a s = γ C 2 s ) of the gas around shock, where C s is the isothermal sound speed. Substituting a s , we get height of the shock front as, h shk = a s X 0.5 s (X s − 1), where X s is the location of the shock in Schwarzschild radius (r g =2GM/c
2 ). From the definition of adiabatic sound speed adiabatic sound speed, we get temperature just inside the shock. We calculate temperature (T shk ) and height (h shk ) of the shock using following formulas:
where, m p , R, k B and X s are mass of the protons, compression ratio, Boltzmann constant and shock location of the flow respectively. Energy exchange takes place through scattering of photons off free electrons at the CENBOL. As scattering is increased and Thomson opacity
approaches unity, escaping photon acquires energy due to repeated scattering with hot electrons of the CENBOL; here r i is the inner shock radius. Average energy exchange per scattering is given by (hν, kT e ≪ m e c 2 ),
When hν ≪ kT e , photons gain energy due to Doppler effect. Here, terms n e , σ T , T e and r i used in above two equations are number density of electron in post-shock region, Thomson scattering cross-section, average temperature of electrons and inner edge of the flow respectively. Balance of scattering and energy gain of photons give power-law distribution as,
where, α is the energy spectral index. As mentioned already, to generate model spectra (which are used as inputs for generating TCAF model fits file), we made several modifications in original CT95 code to include, i) Variation of compression ratio R is allowed from 4 (strong) to 1 (weak). CT95 assumed only strong shocks for illustration purpose.
ii) Computation of temperature of post-shock region using this R.
iii) Radial velocities from a rotating flow as in C97.
iii) Spectral hardening correction of Shimura & Takahara (1995) , which depends on the accretion flow rate. We uniformly consider the correction factor (f) to be 1.8 to calculate effective temperature in emitted spectrum.
We must mention, however, that we do not consider bulk motion Comptonization (CT95) in this version of TCAF.fits. This would mean that the power-law component in soft states cannot be fitted well with the present fits file, but other four states fits are acceptable.
OBSERVATION AND DATA ANALYSIS
We present spectral analysis results of publicly available archival data from RXTE Proportional Counter Array (PCA) instrument for entire 2010-11 outburst of GX 339-4, starting from 2010 January 12 (Modified Julian date, MJD=55208) to 2011 March 6 (MJD=55626) from the PCA (Jahoda et al., 1996) . In general, we follow same analysis techniques as discussed in Paper II, for extraction of source and background '.pha' files using Standard2 mode science data of PCA (FS4a*.gz). 2.5 − 25 keV PCA background subtracted spectra are fitted with TCAF model fits file in XSPEC v. 12.8. To achieve best fit, a Gaussian line of peak energy around 6.5 keV (iron-line emission) is used. For the entire outburst, we keep hydrogen column density (N H ) for absorption model wabs fixed at 5× 10 21 atoms cm −2 (Motta et al. 2009 ) and assume a 1.0% systematic error. After achieving best fit based on reduced chi-square (χ 2 red ) value (≤ 2), to find 90% confidence error values for the TCAF model fitted parameters, 'err' command is used (except data for rising soft-intermediate and soft states, from MJD = 55316 to MJD = 55593, 1 σ error are given, since here reduced χ 2 values are found to be in between 1.8 − 2.6). In Appendix I, detailed spectral fitted analysis results with observed QPO frequencies are mentioned (Note that the error values for the TCAF model fitted parameters are mentioned in Appendix I and Table 1 are the average values of the 90% confidence ± error or the 1 σ error).
One can fit spectrum by manually comparing observational spectrum with theoretical model spectra, generated by different input parameters in TCAF model (CT95) source code (Dutta & Chakrabarti, 2010) . However, in order to fit spectra accurately we need to use a complete package like XSPEC, which automatically achieve best fit by iterative least square fit technique. From spectral fit, one can easily obtain model fitted values of reduced chi-square, degrees of freedom, parameter errors etc. In order to fit black hole spectra with TCAF model in XSPEC, we have generated model fits file (TCAF.fits) using theoretical spectra generated by varying five input parameters in CT95 code (after modifications mentioned earlier) and included it in XSPEC as a local additive model. These parameters are: i) Keplerian rate (ṁ d in Eddington rate), ii) sub-Keplerian rate (ṁ h in Eddington rate), iii) black hole mass (M BH ) in solar mass (M ⊙ ) unit, iv) location of the shock (X s in Schwarzschild radius r g =2GM/c
2 ), and v) compression ratio (R) of shock, other than model normalization value (norm), which is equivalent to 1 4πD 2 cos(i), where, D is source distance in 10 kpc unit and i is disk inclination angle with the line of sight.
Five model input parameters have the following ranges: i) 0.1 -12.1 Eddington rate, ii) 0.01 -12.01 Eddington rate, iii) 3 -15 M ⊙ , iv) 6 -456 r g , and v) 1 -4, respectively. We first generate ∼ 4 × 10 5 model spectra by varying input parameters in above mentioned limits and then these model spectra are used as input files to a program written in FORTRAN, to generate model fits file. There are 18, 18, 6, 20 & 10 numbers of grid points which are equi-spaced in logarithmic scale for the five model input parameters (ṁ d ,ṁ h , M BH , X s , R) respectively. This is a crude grid. However, once a reasonable fit is obtained we make finer grid around the fitted parameters to have better fits. This two step process is presently needed before we have a very fine grid for the entire parameter space.
RESULTS
Detailed temporal and spectral properties of source during its 2010-11 outburst is already presented by several authors Stiele et al., 2011; Shidatsu et al., 2011; Cadolle Bel et al., 2012, Paper I and Paper II) . Preliminary results on timing and spectral properties during rising phases of outburst were presented in Paper I and Paper II. Presently, we fit with TCAF.fits file as generated above and compare our spectral results with combined DBB and PL model fitted results and discuss how the parameters evolve during rising and declining phases.
Results of Data Fit by TCAF Solution
In Fig. 1 , variation of X-ray intensities and model fitted parameters are shown. In Fig. 1a , variation of background subtracted RXTE PCA count rate in 2 − 25 keV (0 − 58 channels) energy band with day (MJD) are shown. In Figs. 1b & 1c, variations of combined DBB and PL model fitted total spectral flux (flux contributions for the DBB and PL model components are calculated by using convolution model 'cflux' technique after fitting spectra with combined model components) in 2.5 − 25 keV energy band and TCAF model fitted total accretion rates (combined Keplerian disk and subKeplerian halo rates) in the same energy band with day (MJD) are shown. In Fig. 1d , variation of Accretion Rate Ratio (ARR; which is defined as the ratio of sub-Keplerian haloṁ h and Keplerian diskṁ d rates) with day (MJD) is shown. As will be understood from the plots of Figs. 3 and 4 , ARR plot can be treated as a proxy to hardness ratio (which has no physical significance which is black hole mass independent). Observed QPO frequencies are shown in Fig. 1e > 3) . The reason behind non-satisfactory spectral fit with TCAF model in this case is that the standard Keplerian disk dominates the flow, cooling the CENBOL completely. We do not consider bulk motion Comptonization, hence power-law of non-thermal origin cannot be fitted. In future, we will generate model fits file using bulk motion Comptonization and include it in XSPEC, in order to fit the spectra in soft states also. In the present purpose, we either fit with TCAF if χ 2 < 3, or just use diskbb and power-law model, if at all required. In Fig. 2(a-b) , variations of TCAF model fitted shock parameters (X s in r g , and R), and in Fig. 2(c-d) , variations of shock height (h shk in r g ) and temperature (T shk in K), calculated from X s , and R values (see, §2) are shown. During initial rising phase of the outburst, as day progresses, shock generally moves towards the black hole (see, Fig. 2a ) and shock becomes weaker (see, Fig. 2b ). At the same time, the shock height decreases. T shk increases initially, but it too started decreasing gradually. In the declining phase, almost an opposite nature of variations for these four parameters are observed. In Fig. 3 Table 1 . In Fig. 6 , we show unabsorbed theoretical model spectra in 0.001 − 3950 keV energy range. These were used to fit observed spectra from six different spectral states in Fig. 5(a-f) . (Debnath et al. 2013) , it has been observed that QPO frequency increases monotonically during rising hard and hard-intermediate spectral states, and decreases monotonically during the same spectral states in declining phases. It has also been observed that during soft-intermediate spectral states of both rising and declining phases, QPOs are observed sporadically, whereas no LFQPOs are observed in soft spectral state. According to Paper II and Debnath et al. (2013) , maximum values of evolving QPO frequencies (fitted with the POS model solution) are observed on final day of the rising hard-intermediate spectral state and on the very first day of the same spectral state in declining phase of outburst. From our spectral study of present outburst of GX 339-4 using TCAF model, it has been noticed that on these observed maximum QPO frequency days, ARR reaches its peak values for rising and declining phases of the outburst respectively. In Papers I & II, spectral classifications were made based on the degree of importance of DBB and PL model components (according to variation of fitted component values and their individual fluxes) and nature (shape, frequency, Q value, percentage of rms amplitude etc.) of QPO (if present), but here we find ARR to be a better criteria for such classification. Based on this method, we classify entire outburst of GX 339-4, into four basic spectral states,
such as hard (HS), hard-intermediate (HIMS), softintermediate (SIMS), and soft (SS).
We also find that transitions between different spectral states occur approximately in the same days as mentioned in Paper II. This suggests that TCAF is generally consistent with earlier models, but it extracts physical parameters while earlier model do not. Furthermore, the four basic spectral states form a hysteresis loop during the outburst, in that the way the accretion rates change in the rising phase is different from that in the decline phase.
(i) Hard State in the Rising phase:
RXTE PCA started monitoring the source nine days after the reported X-ray flaring activity (Tomsick, 2010) observed with the MAXI/GSC onboard ISS on 2010 January 03 (Yamaoka et al. 2010) . From the first observation day (2010 January 12; MJD = 55208), source was in hard state with increasing contribution to total flux as well as percentage of non-thermal PL/sub-Keplerian halo rate (see, Figs. 1-4) . The source was observed in this spectral state till 2010 April 10 (MJD = 55296.49). We term this phase as the hard state because during this phase, flow is dominated by halo rates. No QPOs are observed for initial ∼ 68 days up to 2010 March 19 (MJD = 55274.35), which is quite unusual in transient black hole candidates (see, Debnath et al. 2008; . On 2010 March 22 (MJD = 55277.48), a kink is observed in ARR plot (Fig. 1d) , i.e. a sudden rise in halo rate compared to the disk rate occurred, and on the same day, first prominent QPO of 0.102 Hz is observed. After that QPO frequency continues to increase monotonically. ARR increased and reached its maximum value (∼ 7.45) during rising phase as well as the entire outburst on 2010 April 11 (MJD = 55297.89), where we observe a transition from hard to hard-intermediate spectral state (discussed below). We define this day as the transition day because on this day, ARR is maximum. In other words, contribution from Comptonized hot sub-Keplerian flow rate reached its maximum value as compared to thermally cool Keplerian flow rate. From Fig. 2 , it is clear that during this phase of the outburst, shock location (X s ) as well as shock height (h shk ) initially decrease with time (day) and then settle down to a constant value. Shock is found to be weaker as day progresses, initially slowly and then rapidly (see, Fig. 2b ). At the same time, shock temperature (T shk ) initially increases, then settles down to a constant value, before decreasing rapidly, starting from first QPO observed day. Variations of physical parameters are due to relative variation of two types of accretion rates.
(ii) Hard-Intermediate State in the Rising phase :
Source was in this state for the next ∼ 6 days after the transition day (MJD = 55297.89). During this phase QPO frequency is observed to increase monotonically as before from the spectral transition day (MJD = 55297.89; where 1.241 Hz QPO is observed) to 2010 April 17 (MJD = 55303.61; where the maximum value of QPO frequency of 5.692 Hz is observed). On the next day, on 2010 April 18 (MJD = 55304.72), observed QPO frequency (5.739 Hz) remains very similar and after that QPO appears sporadically. We define this day as the spectral transition day from hard-intermediate to soft-intermediate state. On this day, ARR reaches its lowest value compared to what it had for the preceding more than three weeks. According to both POS model fit of QPO evolution and TCAF model fit, on the last day of this phase, the shock is weakest with a compression ratio of R ≃ 1.07. It is to be noted that during this spectral state, as the day progressed, supply of thermally cool Keplerian matter (ṁ d ) is increased, at the same time supply of sub-Keplerian flow (ṁ h ) is decreased. As a result of that, ARR is decreased monotonically. Over all spectra are still dominated by halo rates (see, Figs. 1-4) . Because of this, we define this phase of the outburst as hard-intermediate spectral state.
(iii) Soft-Intermediate State in the Rising phase:
Source was observed in this spectral state for the next ∼ 26 days from spectral transition day (2010 April 18; MJD = 55304.72), where sporadic QPOs have frequencies ∼ 4.7 − 6.6 Hz. During this spectral state, PCA count rates as well as total spectral flux/accretion rates are initially increased and then decreased. This is because of initial increase in PL flux/sub-Keplerian rates and decrease in DBB flux/Keplerian rate. As a result, ARR varies in the range of ∼ 0.09 − 0.21. Sporadic QPOs are observed whenever ARR is increased (≥ 0.11) from its previous values when no-QPO was observed (≤ 0.08). In other words, when incremental contribution from the sub-Keplerian disk becomes more than that of the Keplerian disk, we see QPOs. In this state, last prominent QPO of 4.687 Hz is observed on 2010 May 14 (MJD = 55330.29). On the next day, 2010 May 15 (MJD = 55331.55) no QPO is observed, here ARR is approximately half (∼ 0.07) from its previous day value (∼ 0.11). We define this day as the spectral transition day from soft-intermediate to soft state. During this spectral state, flickering behaviors of shock temperature and compression ratio are observed (see, Fig. 2 
). (iv) Soft State:
TCAF is not suitable to fit spectra from this spectral state as the flow essentially contains a single standard Keplerian disk component which produces a weak power-law component due to bulk motion Comptonization (which has not been included in this version of TCAF). In this phase, flow is totally subsonic and shock cannot form. Still, we fitted three spectra including two spectral transition days with acceptable values of reduced χ 2 (< 3). Source stayed in this spectral state for a long period of time (∼ 8 months). On 2011 January 04 (MJD = 55565.83), ARR suddenly increased to ∼ 0.11 from its previous day value of ∼ 0.08, due to a sudden rise inṁ h . We define this day as the spectral state transition day from soft to soft-intermediate state. Source was observed in this spectral state till the end of the observational data set (2011 March 06; MJD = 55626.56). In this phase, prominent QPOs are observed only for two days, where QPO frequency is decreased from 0.175 Hz to 0.136 Hz, because of decrease in total flux. As the day progresses, both types of accretion rates (ṁ d andṁ h ) decrease due to less supply of fresh matter from the companion. Thus ARR decreases monotonically and reaches its lowest observed value (∼ 0.22) on the last day of our observation (MJD = 55626.56). During this state, a decrease in shock temperature with rapid rise in shock strength and height was seen. Also, the shock is found to accelerate away from the black hole (see, Fig. 2 ).
DISCUSSION AND CONCLUDING REMARKS
For the first time, spectral properties of GX 339-4 during its recent 2010-11 outburst have been studied in detail and the spectra were fitted using two component advective flow (TCAF) model after its inclusion as a local additive model in HEASARC's spectral analysis software package XSPEC. For the inclusion of the model in XSPEC, a fits file has been generated with ∼ 4 × 10 5 model spectra created by varying input parameters in CT95 code, modified to include general shock strengths. For data analysis, we use RXTE/PCA spectral data in 2.5 − 25 keV energy band. We studied a total of 46 observations spread over the entire outburst with TCAF model and compare our results with a combined DBB and PL model fitted results. Variation of two component (Keplerian and sub-Keplerian) accretion rates extracted from TCAF model spectral fit are found to be consistent with DBB and PL model fluxes (see, Figs. 1-4 The most natural assumption of the cause of an outburst, i.e., rise in flow rates, is the change in viscosity, perhaps owing to enhanced magnetic activity in the companion. During rising phase of an outburst, viscosity causes an increase in accretion rate of Keplerian matter and thus soft state is achieved in viscous time scale. As long as high viscosity persists, the object stays in soft state. When viscosity is reduced, decline phase starts with a reduction of Keplerian rate. Disk itself is retracted due to lack of viscous transport.
Generally Figs. 1 & 4) . This perception is more prominent in the rising soft-intermediate state because during the declining phase, total accretion rate is decreased as a whole. No LFQPOs are observed in soft states because oscillatory shock conditions which are required for the generation of QPOs are not satisfied in a 'sub-sonic' Keplerian disk, which after all, dominates this state. As a result, accretion disk becomes thermally cool approximately at a constant temperature (for e.g., see Fig. 7a of Paper II). We may emphasize that we can associate a sudden variation of ARR with a state transition in this outburst. This important realization was possible only after fitting with TCAF. Thus, TCAF is not just another fitting tool, it provides us with physical scenario during an outburst.
According to shock oscillation model by Chakrabarti and his collaborators in mid-90s, LFQPOs are originated due to oscillation of post-shock region (Molteni, Sponholtz & Chakrabarti, 1996; Chakrabarti, Acharyya & Molteni 2004) , when resonance occurs between infall time scale and cooling time scale in CENBOL or when Rankine-Hugoniot conditions are not satisfied to form a steady shock (Ryu, Chakrabarti & Molteni 1997) . So, one can obtain QPO frequency if one knows instantaneous shock location and strength. Since we directly extract shock parameters from TCAF model fits, we should be able to predict frequency of low frequency QPOs, if present, and make a comparative study with Propagating Oscillatory Shock (POS) model (Chakrabarti et al., 2005 (Chakrabarti et al., , 2009 Debnath et al., 2010 Debnath et al., , 2013 Nandi et al., 2012) fitted results. This aspects will be looked into in a future work. .-Unabsorbed TCAF model generated spectra from six different spectral states, which are used to fit spectra as shown in Figs. 5(a-f) and also mentioned in Table 1 . Solid-line plots (a-c) are from rising phase and dashed-line plots (d-f) are from declining phase of the outburst. Flux ( f E ) is in the unit of photons cm −2 sec −1 keV −1 .
